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ABSTRACT
Title of thesis : Experimental Evaluation of Process
Zone Deformation in Concrete
Name: Cherng-Maou Meng
Master of Science in Civil Engineering
Thesis directed by : Dr. Farhad Ansari
Concrete structures are often subjected to a variety of
loading conditions. Under ultimate load design , concrete
structures can resist these loads without evident
deformation. However , under service , tension cracks will
develop and depending on their location , they may impair
load carrying capacity.
It is generally believed that microcrack development is
preceeded by formation of a relatively long microcracked
region. A large number of studies have indicated that due to
formation of this process zone (microcracked zone) , Linear
Elastic Fracture Mechanics (LEFM) principles are not
applicable to concrete. However , a number of nonlinear
models can be developed if the length of this zone can be
determined. Determination of process zone length is a
difficult experimental problem , mainly due to difficulties
involved in accurate detection of microcracks during loading
in a typical experiment. Furthermore , as some recent
studies indicate , surface microcracks progress further than
their internal counterparts. Determination of internal
deformations and microcracks are even more challenging than
the mere surface flaw detection mentioned earlier. Survey of
technical literature indicate , inexistence of an accurate
internal deformation measuring technique for concrete.
In the present study , a new technique is developed for
measurement of internal deformation in cementitious
composites. main emphasis is given to the development of the
technique , and measurement of deformations in the process
zone. Results from experiments on compact tension , and
three point bend specimen are presented.
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CHAPTER I Introduction and Research Objectives 
Formation and growth of microcracks play an important 
role in the performance of plain / reinforced / and 
prestressed concrete. For instance / cracking of concrete 1n 
tension is a significant factor contributing to the non-
liner behavior of reinforced concrete. Therefore / logical 
design concepts ought to be based on realistic theoretical 
models that take crack formation and propagation into 
account. Recent advances in fracture mechanics and 
application of numerical methods have given possibilities 
for the establishment of realistic models for concrete 
fracture l - 2 . It is recognized that fracture toughness of 
concrete can not be evaluated using linear elastic fracture 
mechanics unless proper modifications are applied. Studies 
on the fracture behavior of concrete reveal some fracture 
characteristics that differ from those normally observed in 
metallic materials 3 - 6 . Among these characteristics is the 
existence of a microcracking zone or process zone at the tip 
of an advancing crack. Since the process zone 1S believed to 
be relatively large in concrete , calculation of fracture 
parameters should include the effects of this zone. Lack of 
data on the experimentally observed zone of microcracking / 
the COD-crack growth relationship , and the inelastic 
behavior has forced the investigators to make assumptions 
pertaining to process zone. The determination of the 
fracture process zone in concrete is a difficult 
1 
experimental problem , because the resulting deformation is 
strongly localized. The extent of the crack tip at the crack 
front and the location for the tip of the advancing 
microcrack that forms that zone lS almost impossible to 
detect. 
Dugale-Barrenblatt model 7- 8 for modeling metal fracture 
in the presence of large scale yielding has been extensively 
applied to concrete treating the fracture process zone as 
the strip yield zone9- 10 . Assumptions regarding the crack 
length and crack opening resistance of the fracture process 
zone were all different in above-mentioned models. Bazant11 
developed a nonlinear fracture concept J modeling the 
fracture process zone extension through nonlinear 
programming. In another report10 I double clip-on gage 
technique was used to infer the location of the process zone 
in crack-line wedge-loaded double cantilever beams. In a 
simplified model proposed by Jenq and Shah a closing 
pressure of zero was assumed as a starting value in the 
interactive solution that adjusted the effective crack 
length to yield the value of CMOD from the experiments. 
Inconsistency of results reported by many investigators 
and comparison of their approach in order to model fracture 
behavior of concrete suggest the nonlinear effects 
associated with crack propagation in concrete as the major 
source of inconsistency. Values reported in the technical 
literature for fracture toughness vary widely even for 
essentially similar materials depending on the size of the 
2 
test specimen J ,11-13. The prlmary reason for the discrepancy 
in the reported values is the effect of microcracking zone 
or fracture process zone ahead of the crack tip. 
Microcracking zone is also responsible for the slow crack 
growth in concrete. One impractical way to evaluate a size 
independent fracture toughness for concrete is to test very 
large specimen so that the uncracked portion of the segment 
in front of the crack is much larger than the fracture 
process zone. The alternative approach would be to test 
practical size specimen and develop an experimental 
technique such that information regarding the localized 
displacement field in front of the moving crack and the 
extent of microcracks can be determined. Once this 
information is acquired , then the effect of fracture 
process zone can be introduced in the numerical modeling 
with the least number of simplified assumption. 
Based on above considerations I the main objective of 
the research reported here is to develop an experimental 
technique for direct full field measurement of internal 
deformations and microcrack widths in the process zone of 
concrete specimen. 
CHAPTER II EXPERIMENTAL PROGRAM 
II.l Experimental Investigation 
Microcracking is the essential aspect of the fracture 
process zone in concrete I therefore , there is a need for a 
testing technique that would be accurate enough to detect 
and measure the displacement associated with microcracks. 
Moreover , it is very important to make internal measurement 
of the deformation associated with microcracking in order to 
distinguish in between the structural and nonstructural 
development of microcracks I such as the surface microcracks 
developed due to shrinkage at the hydration stage. 
II.2 Methodology 
Transmission of light through optical fibers can be 
explained by the Snell's law and the concept of total 
internal reflection. According to Fig.l I when light travels 
from the fiber core that has a high refractive index into 
the cladding with a lower index , the lightwave totally 
reflects back into the core. This is true I provided that 
the diameter of the core is chosen so as to force the 
lightwave to propagate according to a certain critical angle 
of incidence. However I if the fiber is stretched or bent at 
any point along it's length I the change in the angle of 
















































































the cladding (Fig.2). The intensi~y of light at the output 
end of the fiber will decrease due to this loss f and it can 
be directly related to the amount of deformation if properly 
calibrated. Employing light intensity loss sensors in 
structural applications is simple since these sensors make 
use of modulation schemes which perturb the fiber itself I 
so that the fiber is both the transmission medium and the 
transducer. In other words I a thin optical fiber is all 
that is needed for embedment within a concrete member. 
11.3 Fiber optic Crack opening Displacement (COD)Gage 
Practical application of fiber optics to displacement 
measurements f particularly to COD measurements in concrete 
require special arrangement for placement of the optical 
fiber within the concrete I as well as attainment of 
sufficient sensitivity in measurements. The arrangement 
shown in Fig.3 provides optimum configuration of the fiber 
optics for COD measurements. It also satisfies the 
sensitivity requirements as bending of an optical fiber will 
result in increased light intensity loss through mode 
coupling. In other words f the microbending of an optical 
fiber f steepens the angle of light incidence at the core-
cladding interface which in turn brings about increased 
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Fig.3 Plan View of Fiber Optic COD Gage 
8 
11.4 Instrumentation and Calibration 
Progress of the microcracking zone was monitored by 
using four fiber optic COD sensors within the uncracked 
ligament for which details will be given in a later section. 
Experiments were performed in a closed loop mechanical 
testing machine so as to provide the capability of 
monitoring the descending branch of load-displacement 
relationship. Details in regard to various instrumentation 
techniques in performing the experiments , and acquiring 
pertinent data are given in the following sUbsections. 
II.4.~ Sensor Intrumentation and Calibration 
Instrumentation , specific to the operation of the fiber 
optic sensor are outlined in Fig.4. A 2S mW Helium-Neon laser 
source provide the input light source. At the coupler stage 
, light is divided into four equal divisions for use with 
four sensors. As explained earlier, in a particular sensor 
, the light output will decrease in proportion to the amount 
of displacement. This output is detected by a photodiode 
that in turn is amplified at the amplifier stage. At this 
point , data is converted to digital signals through a 
multichannel data acquisition board I and is transferred to 
a microcomputer. 
Conversion of light intensity data (in Volts) to 
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is accomplished through calibration. A calibration 
instrument is specifically designed for the fiber optic 
sensor (Fig.5). Calibration of the sensor is performed 
according to the following steps 
1) Fiber optic is wrapped around a disjoining cylinder whose 
diameter is 1.25 inchs (Fig.5). A groove is provided on 
the cylinder so as to facilitate fastening of the fiber 
optic into a perfect circle of 1.25 diameter. This is an 
important stage in the procedure , since variations in 
diameter result in inaccurate calibrations. 
2) Stretch the fiber in a straight position by the motorized 
positioner. Hold it in position by an adhesive tape. 
3) Use an epoxy to glue the fiber to the disjoining 
cylinder. 
4) Once the epoxy lS hardened (after 60 minutes) , apply 
another half inch of cement paste on top of the epoxy to 
insure perfect bonding. 
5) Once cement is hardened (after 24 hours) , the fiber ends 
are connected to the laser source and the photodiode. 
6) Amplifier's output is adjusted to six volts I and the 
output sensitivity lS checked. 
7) LVDT's core is adjusted to a halfway position. 
8) Data acquisition rate is set at twenty Hertz for a period 
of ten seconds , and the computer is initialized. 
9) At this point I the motorized positioner is turned on to 
separate the disjoining cylinder I and as a result 
create loss in the intensity of input light due to 
1 1 
fill" [PtiCS 





POWl" c ll"Cui t 
disjoining cYlinder 
Fig.S Plan Ui~ of The Calibration Instru~nt 
12 
separa~lon of the cylinder halves. 
10) By design I the LVDT core and the two halves of the 
cylinder displace identically I and therefore the light 
intensity loss measurements can be directly related to 
the opening of the cylinder halves. 
Calibration results obtained in this way are 
automatically stored in the microcomputer via the data 
acquisition system. each of the four sensors were calibrated 
individually I and results are shown in Fig.6 thru Fig.21. A 
calibration constant relating the loss in the intensity of 
light to the displacement for each of the sensors can be 
obtained from the slope of Figs.s I 12 t 16 t and 20. The 
calibration constants calculated in this way are : 
34.4575volts/in. I 50.6821volts/in. t 75.43volts/in. I and 
67.245volts/in. for channell thru 4 respectively. 
II.4.2 Closed Loop testing and Data acquisition 
It is essential to study the prepeak response as well as 
post peak softening behavior of concrete. Therefore 
specimen were tested in a screw-driven microcomputer-based 
closed loop testing system. An Apple II microcomputer was 
employed in generating testing program signals (Fig.22). 
The system is capable of controlling the movement of optical 
components as well as providing closed-loop feedback control 
for loading of specimen so as to maintain a cons~an~ ra~e of 
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the design and fabrication of the system are given 
elsewhere14 . Feedback signal for loading was provided by an 
LVDT at the precast notch mouth. In other words I for both 
the three point bend and the compact tension specimen I COD 
was used as a feedback signal. A second LVDT was employed 
for measuring the Load Point Deformation. Calibration data 
for these LVDT's are given as 
LVDT for COD measurements 1 inch = 33.87 volts. 
LVDT for LPD measurements 1 inch = 35.7 volts. 
As mentioned earlier 1 four optical sensors were embeded 
in each specimen through equal division of laser light 
source by a coupler as shown in Fig.22. A data acquisition 
program 1 DASH-16 was modified by BASIC programming and 
employed for data handling from seven channels. Data 
acquisition channels included 1 load I two LVDT's I and 
four fiber optic sensors. Program modification was performed 
through a BASIC program I MENG.BAS , that will be given in 
detail in the Appendix. Sampling rate was set at 20 HZ I for 
25 minutes. a total of 30,000 data points were acquired per 
specimen. 
II.5 Details of test specimen 
A mix proportion of 1:2:2:0.55 I by weight of cement: 
sand : gravel : water was employed. Type III portland cement 
conforming to ASTM c 150 I ASTM NO.2 grade river sand 
passing through sieve NO.8 I maximum coarse aggregate size 
31 
passing 0.375 inch (9.5mm) and retained on NO.4 sieve ,<las 
used. Specimen were cast in plexiglass molds. Freshly cast 
specimens were left at room temperature for 24 hours. They 
were then demolded and air-dried before testing. Average age 
of specimen at testing time ranged between 21 to 30 days. 
Specimen geometry and location of sensors are shown in 
Fig.23.1 and 23.2. Fig.23.3 and Fig.23.4 depict the compact 
tension and the three point bend specimen with associated 
optical setup in the loading frame respectively. 
II.6 Experimental procedure 
Beams were tested under three point load and Compact 
Tension specimen were tested under direct tension in a 
testing frame on a vibration isolated table. Experiments 
were monitored from an adj acent room employing a 
microcomputer as discussed earlier. FollOiving are steps 
taken during testing : 
1, Load "MCCLSS" program into microcomputer(Apple II) I 
which is a program for closed-loop system. 
2, Place the specimen into the load machine very carefully I 
and connect the laser to the corresponding channels I 
and then connect the other ends of the fiber sensor to 
the amplifier. 
3, Turn on the microcomputer (IBM) for data acquisition. 
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Fig.23.3 Compact tension specimen In thE 
loading tram 
35 
Fig.23.4 Three pOint bend specimen In 
the loading frame and the 
optical setup 
36 
proper operation of all the channels. 
4 f Load II DASH-16" and "MENG. BAS" into micro-computer for 
data acquisition . 
5 I Following steps are required for zero adjustment of the 
closed-loop testing system 
(a) I Loosen the drive belt in order not to damage the 
specimen. 
(b) I Adj ust the LVDT at the crack mouth for zero 
adjustment. 
(c) I Adj ust the load controlling switch so as to get the 
exact zero point on the specimen. 
6 I Use "MCCLSS II to set all the required parameters into the 
program in order to operate the testing system. (\tJhile 
doing compact tens ion specimen use an exposure time of 
0.09 min. I for BEAM tests use 0.2 min .. ) 
7 I Run "MENG. BAS" in the IBM microcomputer for data 
acquisition. 
8 I After the test turn off all system. 
37 
CHAPTER III Analysis and Results 
This chapter presents experimental results I their 
analysis and a discussion of observed trend. As shown in 
Table 1, sixteen concrete specimens were tested. Seven 
specimens were tested under tension and the rest were tested 
under three point load. 
Experimental data acquired by the computer I 
representing load I load point displacement I COD I and the 
four sensor outputs are given in direct data acquisition 
voltage units in Figs.24 thru 87. 
These figures represent raw experimental data. Program 
CHAN.FOR I DEF.FOR I and TOT. FOR that are explained in 
detailed in the Appendix and the HARVARD GRAPHICS software 
were employed to convert the raw data into corresponding 
load I COD I LVDT I and deformation values. 
Load versus corresponding COD I LPD I and internal 
deformations are shown in Figs.88 thru 99. 
Experimental results indicated that specimen F2 I F8 I 
F11 I F12 I F19D I F28A I MIA I and MIB showed consistent 
results I whereas I the rest of the specimen did not provide 
good results. These bad results were due to either 
deficiencies in the specimen such as damages due to precast 
notch I or fracture of the compact tension arms prior to the 
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some of the specimen cracks did not propagate in a straight 
manner I and therefore did not stretch the fibers. 
Fig.l00 thru 109 illustrate the deformation pattern at 
different load intervals for each one of the specimen 
tested. As indicated in these figures I COD values in almost 
all cases were considerably much larger than all the other 
deformations. For this reason, in another set of figures 
(110 thru 119) ,internal deformation patterns are compared 
separately. Results shown in Fig.ll0 thru 119 indicate that 
the critical cracking zone in compact tension lS 
approximately 1.7 inchs , whereas in the three point bend 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































CHAPTER IV Conclusion 
IV.l Conclusion 
Based on the results obtained in this research I the 
following conclusions can be drawn : 
1. The experimental techniques which were used in this 
study are reliable and worth further usage. 
2. The critical load for CT specimen (tension test) is 
about 170LBS. 
3. The critical load for three point bend specimen is about 
220LBS. 
4. The average critical COD of CT specimen (tension test) 
is about 0.048 inch. 
5. The average critical COD of three point bend specimen is 
about 0.016 inch. 
6. The average critical internal deformation of CT specimen 
for CHI f CH2 f CH3 & CH4 is about 0.0018 / 0.0013 I 
0.0004 & 0.0003 inch respectively. 
7. The average critical internal deformation of BEAM 
specimen for CHI f CH2 I CH3 & CH4 is about 0.0002 
0.00016 f 0.00005 & 0.00003 respectively. 
137 
IV.2 Future Research 
The experimental method presented in this study for 
internal deformation measurement is new and requires further 
research for improvements. 
Possible future research might be the following 
1. Place more than four fiber optic sensors in the process 
zone for deformation measurements. 
2. Use this technique for concrete specimen subjected to 
impact load for detection of cracking. 
138 
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r1ENG .BAS - DATA ACQUrSTION FROGRAI'1 
130- .'* 1'1etl-a8yte Corporation Rev. 1.10 8-27-84 "* 
140 '*************************************************************"********* 
J.50 
160 --------------- STEP 1 -----------------------------------------
170 'Load OASH16.~IN by contracting workspace & initialize 
180 CLEAR. 49152! 'Contract BASIC's workspace to 48K 
190 DEF SEG = <) 'Get 8ASIC's segment in memory 
200 5G = 256 * PEEK(&H511) + PEEK(&H510} 
210 5G = SG + 49152!/16 
220 DEF SEG = SG 'Load segment for CALL routine 
230 8LOAD "DASH 16.8 IN" ~ (J , Lo ad it 
~O DIM DIO%(8),AX(18000) 
.50 010%(0) = &H300 'OASH-16 board base address 
260 010%(1) = 2 'Selected interrupt level for OASH-16 
270 DIO%(2) = 3 'Selected DMA level for OASH-16 
280 OASH16 = (> 
290 FLAG% = 0 
300 MO% = \) 
'Declare & initialize other CALL parameters 
'Select Mode 0 - initialize driver 
310 CALL DASH16 (;'1D%~ DIO%(O) ,FLAG%) 'do it 
320 IF FLAGi~<>O THEN PRINT" INITIALIZATION ERFWR" :STOP 
330 
any errOl-? 
340 '--------------- STEP 2 -----------------------------------------
350 'Prompt user for multiplexer scan limits 
360 ' (this step can be omitted if default limits o.k.) 
370 'Set up multiplexer scanning limits 
380 MD%=1 'Mode 1 - set scan limits 
390 INPUT "Lower fTlultiplexel- scanning limit (0-7 CI\- 15)? ! "~DIO%(O) 
400 INPUT "Upper multiple;:er scanning limit (0-7 Cq- 15)7 "~OIO%(l) 
410 CALL DASH16 (MD%~ OIO%(O)~FLAG%) 
420 IF FLAG%<>O THEN PRINT "Error in scan limits # ";FLAG% : STOP 
430 
440 --------------- STEP 3 -----------------------------------------
~50 'SET UP SCANNING RATE (20HZ) 
-+60 1'10% = 1 7 
470 010%(0) = 50 : DIOX(1) = 1000 
480 CALL DASH16 (MD%~ OIO%(O)~FLAG%) 
490 IF FLAG%<>O THEN PRHlT"En-ol- in scan I-ate set up # ";FLAG% : STOP 
500 ' 
510 --------------- STEP 4 -----------------------------------------
530 010%(0) = 18000 
540 010%(1) = VARPTR(A%(O» 
550 0 I 0% (2) = 1 
560 MD%=4 
'Array locatol-
'Trigger source - programmable timer 
~70 CALL DASH16 (MD%, 010%(0) ,FLAG%) 
"30 IF FLAG%<>O THEN F'FHl'iT "Errcl}- in mode 4 # ";FLAG% : STOP 
. 70 
600 --------------- STEP 5 -----------------------------------------
610 'Display converted data 
616 OPEH "C:OATA.DAT" FOR OUTPUT AS #1 
620 FOR 1=0 TO 18000 
630 WR I TE # 1, A % ( I ) 
640 NEXT I 
650 ENO 
D Lllle# 1 
1 
7 




































































DO 10 1=1, N 
READ(1.15)Ll(I) 
READ(1.15)L2(I) 
F~EAD': 1 • 15) L3 ( I ) 
READ(1.15)L4(I) 


































I ~·lTEGER*'"+ 9616 
I NTEGEF:*'"+ 10816 






























































Glr-1Ei"'JSIDri 81 '"~':'J ,82(4u) ,83(4,_') ,B..,.,4uJ .[,5(4(,· 
.,... .;,c 1 .: 3?) • AC2': 39) • HC3 ( 3':; ) ,"::;[4': 39 ) 
D I !'lENS I 0,,) F \ u..:,) ,G (4,_, ) • A ( 39 ) 
DATA Dl.D2.D~,G4.P/0.0003S.0.0004.0.000133. 












AD4=D4/ 4,). (; 
AP=P /20 .. ::' 
B1(1)=0.0 
B2(1)=0.0 
B3 ( 1 ) =0.0 
B4(1)=0.0 
B5(1)=0.0 
[..JR I TE ( 1 ,33) B 1 ( 1 ) , B5 ( 1 ) 
WRITE(2,33)B2(1),B5(1) 
WR 1 TE ( 3 ,33) B3 ( 1 ) ,B5 ( 1 ) 
WRITE(4,33)84(1),BS(1) 
DO 1 (> 1=1.19 





WR 1 TE ( 1 , 33 ) 81 ( 1+1 ) ,B5 ( 1+1 ) 
WR 1 TE ( 2 .33) 82 ( 1+1 ) ,B5 ( 1 + 1 ) 
l..JR I TE ': 3 .33) 83': 1+1 l , B5 ( 1 + 1 ) 
["JRITE':4.33)84( 1+1) .85( 1+1) 
10 Cot.IT I NUE 






l·JRITE,: 1.33)81 U+l) .B5(K+l) 
WRITE(2.33l82(K+l).B5(K+1) 
WRITE(3.33)B3\~+1) .B5(K+l) 





































































































































H ( 1'1 ) = r: *G ( ,.j ) 
IA=TA+A (1'1! 
c':' COtH I NUE 
l,.JRITE':7,14)TA 
22 FORMAT(5X.F15.13.10X.F8.4! 
14 FORMAT(10X. 'AREA=:.F9.3) 




































































I tHEGEF:*4 1952 
INTEGER*4 1980 








F'~" , ,t:.HL 2016 
REAL ·.2028 














































































83 ( 1 ) =1).0 
84 ( 1 ) =1) • C! 
8S(1)=0.0 
WR I TE ( 1 .33) 81 ( 1 ) ~ 8S ( 1 ) 
WR I TE ( 2 • 33 ) B2 ( 1 ) • 8S ( 1 ) 
WR I TE ( 3.33) B3 ( 1 ) • BS ( 1 ) 
WR I TE ( 4 • 33) B4 ( 1 ) , BS ( 1 ) 






ItJF::ITE( 1,33)B1 (1+1) ,BSC 1+1) 
t·JI==: I TE ( 2 , 33 ) 82 ( 1+1 ) • 8S .: 1+1 ) 
t.JF: I T E ( 3 • 3 3 ) B 3 ( I + 1 ) • 8 S ( I + 1 ) 
t.JR I TE ( 4 • 33 ) 84 ( 1+1 ) ,8S ( 1+1 ) 
10 CONTINUE 

















BSC IJ+l.'=BS( IJ }-AP",,':'.-o3 
l-JI==: I TE .: 1 .33;' 81 ': I .J + 1 j • 85': 1 J + 1 \ 
l-JR I TE·: 2.33) B2·: I J .... :i. ) .25,: I J + 1 . 
ItJI==:ITE·:3.331B3( 1]+1.' .2.5': 1J+1:' 



































































DO 37 1=1,39 
J=I+l 
AC 1 ( J ) =AC 1 ( I ) + ( B 1 ( J ) - B 1 ( I ) ) * ( (B5 ( 1 ) + 85 (J ) I ;' 2 . 0 ) 
AC2(J)=AC2( I )+(B2(J)-B2( I) HH (B5C I )+85(J) );'2.0) 
AC3(J)=AC3( 1 )+(B3(J)-B3( I) )*( (B5( I )+85(J) /2.0) 
AC4 (J) =AC4 ( I ) + (B4 (J) -84 ( I ) ) * ( (B5 ( 1 ) +85 (J) ) /2.0 ) 



























INTEGER*4 l' ~, 'fit.:' 
IiHEGER*4 1512 
I r'lTEGER*4 1516 
~ tHEGEF:*4 152(1 
INTEGER*Lt 148(; 
